










Lignocellulose	 is	 Earth’s	 most	 abundant	 form	 of	 biomass	 and	 its	 valorisation	 to	 H2	 is	 a	 key	9	
objective	 for	 the	 generation	 of	 renewable	 fuels.	 Solar-driven	 photocatalytic	 reforming	 of	10	
lignocellulose	to	H2	at	ambient	temperature	offers	a	sustainable	route	towards	this	goal,	but	this	11	
reaction	 is	 currently	 limited	 to	 noble	 metal	 containing	 systems	 that	 operate	 with	 low	 activity	12	
under	UV	 light.	Here,	we	 report	 the	 light-driven	photoreforming	of	 cellulose,	 hemicellulose	 and	13	
lignin	to	H2	using	semiconducting	cadmium	sulfide	quantum	dots	in	alkaline	aqueous	solution.	We	14	
show	 that	 basic	 conditions	 cause	 these	 dots	 to	 become	 coated	 with	 oxide/hydroxide	 in	 situ,	15	





As	 of	 2016	 the	 global	 consumption	 of	 fossil-derived	 oil	 has	 reached	 1100	 barrels	 (105	 litres)	 per	21	
second	 and	 continues	 to	 climb	 annually.1,2	 Low-cost	 fuel	 cannot	 be	 produced	 at	 this	 rate	22	
indefinitely,3	and	securing	and	combusting	crude	oil	 is	causing	irreversible	environmental	damage.4	23	




synthesis	 of	 renewable	 liquid	 fuel.6	 To	 date	 however,	 H2	 is	 almost	 exclusively	 produced	 through	26	
reforming/gasification	of	fossil-derived	coal,	gas	or	oil.7	27	
Biomass	 conversion	 is	 one	 of	 the	 most	 affordable	 routes	 to	 generate	 sustainable	 H2,8	 but	 this	28	
process	requires	the	demanding	chemical	transformation	of	lignocellulose.	Lignocellulose	is	the	main	29	
constituent	 of	 biomass	 and	 can	 be	 cultivated	 worldwide,	 even	 on	 unfertilised,	 marginal	 land.9	30	
Lignocellulose	 conversion	 to	 H2	 has	 predominantly	 been	 realised	 through	 gasification,	which	 uses	31	
high	 temperatures	 (>	 750	 °C)	 to	 decompose	 its	 organic	 structure	 and	 release	 H2,	 alongside	 other	32	
gases,	such	as	CO,	CO2	and	CH4.10,11	In	the	interest	of	increasing	the	selectivity	and	efficiency	of	this	33	
conversion,	 it	 is	possible	to	replace	the	thermal	input	with	sunlight.	Solar	light	offers	an	essentially	34	
inexhaustible	 source	 of	 globally	 available	 energy	 and	 therefore	 the	 photoreforming	 of	 biomass-35	
derived	compounds	is	a	fast	growing	field	of	research.12,13	36	
Photoreforming	 requires	a	photocatalyst	able	generate	holes	 to	oxidise	 lignocellulose	and	use	 the	37	
resultant	electrons	to	reduce	aqueous	protons	to	H2.12	Lignocellulose	therefore	adopts	the	role	of	a	38	
hole	 scavenger,	providing	a	 continuous	 supply	of	 electrons	 for	 fuel	production.	 Thus	 far,	 this	 field	39	
has	 focused	 on	 H2	 evolution	 from	 substrates	 that	 could	 be	 derived	 from	 lignocellulose,	 such	 as	40	
methanol,	 glycerol	 or	 glucose,12	 but	 lignocellulose	 refining	 is	 expensive	 and	 inefficient,	 usually	41	




mainly	 comprised	 of	 cellulose	 (>	 40%	 in	 wood	 stems),17	 a	 crystalline	 polysaccharide	 of	46	
anhydroglucose	 monomers	 (Fig.	 1a).	 Cellulose	 is	 surrounded	 by	 branched	 polysaccharides,	 called	47	
hemicelluloses	 (20-40%),	 which	 are	 heteropolymers	 of	 pentose	 and	 hexose	 sugars.	 The	 two	48	
cellulosic	polymers	are	further	encased	in	the	cross-linked	phenolic	polymer,	lignin	(<	35%),	and	the	49	







Figure	 1	 |	 Photoreforming	 of	 lignocellulose	 to	 H2	 on	 CdS/CdOx.	 (a)	 Lignocellulose	 exists	 as	55	
microfibrils	 in	 plant	 cell	 walls	 and	 is	 comprised	 of	 cellulose	 surrounded	 by	 the	 less	 crystalline	56	
polymers	 hemicellulose	 and	 lignin.9,15	 (b)	 These	 components	 can	 be	 photoreformed	 into	 H2	 using	57	




to	 generate	 H2	 from	 crude	 sources	 of	 lignocellulose	 when	 suspended	 in	 alkaline	 solution	 and	62	
irradiated	 with	 sunlight.	 A	 video	 of	 the	 photoreforming	 of	 paper	 and	 wood	 is	 provided	 in	63	
Supplementary	Video	1.	64	
	65	
Herein,	 we	 report	 the	 development	 of	 a	 photocatalytic	 system	 based	 on	 semiconducting	 CdS	66	





electrode	 (NHE),21	 providing	 sufficient	 driving	 force	 for	 proton	 reduction	 and	 is	 responsible	 for	70	
several	 of	 the	 highest	 reported	 rates	 of	 photocatalytic	 H2	 evolution.22	 The	 CdS	 valence	 band,	 at	71	
roughly	 +1.9	 V	 vs.	 NHE,	 is	 adequate	 for	 saccharide	 oxidation,13	 but	 also	 sufficient	 for	 the	72	




are	 able	 to	 undertake	 photocatalysis	 without	 photocorrosion	 and	 light-driven	 H2	 evolution	 is	77	
achieved	 through	 the	 oxidation	 of	 completely	 unprocessed	 lignocellulosic	 substrates	 (Fig.	 1c,	78	
Supplementary	 Video	 1).	 Lignocellulose	 is	 also	 more	 easily	 solubilised	 at	 high	 pH24	 and	 the	79	





transmission	 electron	 microscopy	 (TEM,	 Fig.	 2a,b).	 The	 ligand-free	 CdS	 is	 passivated	 by	 weakly-85	
bound	 tetrafluoroborate	 anions	 and	 N,N-dimethylformamide	 (DMF),	 presenting	 an	 accessible	86	
surface	that	can	be	modified	for	improved	catalytic	activity.25	Addition	of	the	QDs	to	basic	solution	87	
caused	 CdOx	 to	 instantaneously	 form	 on	 the	 particle	 surface	 through	 OH−	 binding	 to	 Cd	 surface	88	
sites.26	 This	 was	 confirmed	 using	 X-ray	 photoelectron	 spectroscopy	 (XPS)	 of	 CdS	 QDs	 after	89	
suspension	 in	various	concentrations	of	KOH.	The	expected	Cd	3d5/2	and	3d3/2	binding	energies	 for	90	




spectra).	After	 isolation	from	0.1	M	KOH	the	Cd	emissions	tail	 towards	 lower	binding	energies	and	93	
after	 isolation	from	10	M	KOH	the	peaks	shift	1	eV	 lower	to	404	and	411	eV.	The	 lowered	binding	94	
energy	is	consistent	with	CdO/Cd(OH)2	environments	on	the	CdS	surface	at	high	pH.28	Quantification	95	










a	 reference	 spectrum	 of	 CdO	 (bulk)	 and	 literature	 values.30,31	 The	 positions	 of	 these	 bands	 are	106	
slightly	 lower	 than	 those	 reported	 for	 bulk	 CdO	 (265-268	 cm–1	 and	 298-305	 cm–1).31	 Although	 the	107	











10	M	 KOH	 and	 in	water.	 In	 10	M	 KOH	 an	 interfering	 spectral	 signature	 of	 CdO	 can	 be	 identified.	117	
Reference	spectrum	of	CdO	is	shown	in	purple.	(f)	TEM	image	of	CdS/CdOx	after	isolation	from	10	M	118	
KOH	and	(g)	corresponding	size	distribution.	 (h)	Zeta	potential	analysis	of	a	solution	of	CdS	QDs	(2	119	
µM)	 in	 0.5	M	 ionic	 strength	 solutions	 (comprised	 of	 HCl,	 KCl	 and	 KOH)	 at	 various	 pH,	 showing	 a	120	
substantial	 increase	 in	 negative	 surface	 charge	 above	 pH	 12.	 Error	 bars	 represent	 the	 standard	121	
deviation	based	on	3	measured	samples.	Two	linear	fits	are	shown;	one	of	the	data	between	pH	12-122	
















to	 that	 observed	 previously	 for	 ligand-free	 CdS	 QDs.33	 We	 thus	 propose	 that	 CdOx	 exists	 as	 a	137	
monolayer	or	at	most	as	a	few	layers	on	the	CdS	surface	at	high	concentrations	of	KOH.	138	
The	influence	of	the	CdOx	surface	passivation	on	the	CdS	QD	photoluminescence	is	presented	in	Fig.	139	
2i.	 As	 OH–	 is	 added,	 a	 stronger	 near	 band-gap	 emission	 is	 visible	 at	 480-490	 nm,	 which	 is	 most	140	
pronounced	in	10	M	KOH.	A	comparison	between	the	emission	and	absorption	spectra	in	10	M	KOH	141	
is	 presented	 in	 Supplementary	 Figure	 4b.	 The	 increasing	 intensity	 of	 the	 emission	with	 increasing	142	
[OH–]	 is	 attributed	 to	 the	 formation	 of	 CdOx,	which	 acts	 as	 a	 thin	 surface-passivating	 shell.	 It	 has	143	
been	 shown	 that	 similar	 shells	 block	 CdS	 defect	 sites	 that	 promote	 radiationless	 charge-carrier	144	
recombination.26	This	fluorescence	is	not	expected	to	influence	the	QD	photocatalytic	activity	since	145	
the	fluorescence	quantum	yield	at	the	near	band-gap	emission	in	10	M	KOH	was	low	(approximately	146	





on	 the	 oxidation	 of	 its	major	 component,	 cellulose.	We	 used	 the	most	 crystalline	 and	 unreactive	152	




suspended	 in	 a	 deaerated	 aqueous	 solution	 (2	 mL)	 kept	 at	 25	 °C,	 which	 was	 irradiated	 with	155	
simulated	 solar	 light	 (AM	1.5G,	100	mW	cm−2).	 The	cellulose	exists	as	a	 suspension	due	 to	 its	 low	156	
solubility	and	optimisation	revealed	that	a	 loading	of	50	mg	mL−1	 led	to	the	highest	photocatalytic	157	
activity	(Supplementary	Table	1).	Large	volumes	of	H2	could	be	produced	provided	strongly	alkaline	158	










24	 hours	 and	 subsequently	 centrifuged	 to	 remove	 the	 suspended,	 insoluble	 cellulose.	 The	169	
supernatant	 was	 then	 added	 to	 CdS/CdOx	 QDs	 and	 irradiated	 (Supplementary	 Figure	 6,	170	
Supplementary	 Table	 3).	 H2	 evolution	 from	 this	 solution	 was	 initially	 faster	 relative	 to	 the	 rate	171	
observed	when	using	suspended	cellulose,	as	more	dissolved	substrate	was	available.	Without	 the	172	
suspended	 cellulose	 present	 however,	 the	 activity	 dropped	 over	 time	 as	 the	 solubilised	 substrate	173	
depleted.	 The	 photoreforming	 reaction	 therefore	 occurs	 through	 continuous	 dissolution	 of	 the	174	





a	 closed	 photoreactor.	 The	 activity	 of	 CdS/CdOx	 is	 over	 an	 order	 of	 magnitude	 higher	 than	 the	179	
9	
	
aforementioned	 TiO2	 systems,	 even	without	 the	 use	 of	 expensive	 noble	metal	 co-catalysts	 or	 UV	180	
light.	No	evolution	of	CO	was	observed	during	catalysis	(CO	detection	limit	=	35	ppm),	resulting	in	H2	181	
free	 of	 fuel-cell	 inhibitors.	 All	 CO2	 generated	was	 sequestered	 by	 the	 basic	 solution	 as	 CO32–	 (see	182	
discussion	 of	 Fig.	 3c),	 removing	 any	 potential	 environmental	 impact	 of	 the	 oxidation	 reaction.	183	
CdS/CdOx	without	cellulose	present	(Fig.	3b,	black	line)	shows	10%	of	the	H2	evolution	activity	for	the	184	
first	24	hours	and	 then	ceases	 (4%	after	6	days),	which	originates	 from	oxidation	of	 residual	DMF	185	
from	 the	 QD	 stock	 solution.	 The	 narrower	 bandgap	 of	 CdS	 also	 allows	 the	 system	 to	 function	186	
effectively	under	visible	light	and	50%	of	the	catalytic	activity	was	maintained	by	CdS/CdOx	when	UV-187	
light	(λ	<	400	nm)	was	filtered	from	the	solar	spectrum	(Supplementary	Table	1).	The	drop	in	activity	188	
is	 due	 to	 the	 decrease	 in	 the	 number	 of	 photons,	 demonstrating	 that	 UV-light	 is	 not	 needed	 to	189	
facilitate	the	photoreforming	reaction.		190	
An	 external	 quantum	 yield	 of	 1.2	 ± 0.4	 %	 was	 achieved	 when	 irradiating	 with	 430	 nm	191	
monochromatic	 light	 (Supplementary	 Table	 4),	 which	 is	 comparable	 to	 reported	 efficiencies	 of	192	
Pt/TiO2	for	the	much	simpler	glucose	reforming	reaction	under	UV-light.36	The	yield	was	substantially	193	
higher	 when	 photoreforming	 MeOH	 (17.7	 ±	 1.5	 %,	 Supplementary	 Table	 5),	 indicating	 that	 the	194	





Figure	 3	 |	 Photoreforming	 of	 cellulose	 to	 H2	 using	 CdS/CdOx.	 (a)	 The	 pH	 dependence	 of	 the	198	
photocatalytic	H2	evolution	from	a	2	mL	aqueous	solution	of	 ligand-free	CdS	QDs	(0.5	µM)	with	50	199	
mg	 mL–1	 α-cellulose	 after	 18	 hours	 of	 irradiation.	 (b)	 Long-term	 photocatalytic	 cumulative	200	
production	of	H2	by	CdS/CdOx	QDs	(0.5	μM)	with	and	without	50	mg	mL–1	α-cellulose	in	2	mL	KOH	(10	201	
M).	 The	 line	 between	 data	 points	 has	 been	 added	 to	 guide	 the	 eye.	 (c)	 13C-NMR	 spectra	 of	 the	202	
supernatant	from	a	suspension	of	uniformly	13C-labelled	cellulose	(10	mg)	 in	10	M	NaOD	in	D2O	(1	203	
mL)	after	3	days	of	irradiation	with	and	without	1	nmol	of	CdS/CdOx	QDs.	Photocatalysis	was	carried	204	






analysed.	 A	 control	 experiment	 wherein	 13C-cellulose	 was	 irradiated	 without	 CdS/CdOx	 produced	211	






are	 still	 present,	 alongside	 a	 broad	 polymeric	 carboxylic	 acid	 resonance	 (δ	 =	 182	 ppm,	 ii),	 from	216	
oxidised	 polysaccharide	 end	 groups.38	 Decomposition	 of	 the	 cellulose	 by	 CdS/CdOx	 forms	 smaller	217	
saccharides,	however	sharp,	monosaccharide	peaks	are	not	present	 in	the	spectrum.	This	suggests	218	
that	if	smaller	saccharides	do	form	they	are	rapidly	consumed	by	the	photocatalyst.	The	fast	affinity	219	
of	 the	 photocatalyst	 for	 smaller	 saccharide	 oxidation	 was	 confirmed	 by	 photoreforming	 0.1	 M	220	
glucose,	which	produced	H2	at	a	rate	of	10.0	mmolH2 	gCdS
–1  h–1	(Supplementary	Table	2);	130%	higher	221	
than	 with	 α-cellulose	 (4.4	mmolH2 	gCdS
–1  h–1).	 In	 Pt/TiO2	 systems	 dehydration	 of	 monosaccharides	222	
produces	 intermediate	 furfural	 species,	 such	 as	 5-hydroxymethyl	 furfural	 (HMF),20	 however	 HMF	223	
resonances	 are	 not	 visible	 in	 the	 13C-NMR	 spectrum	 after	 photocatalysis,	 (reference	 spectrum	224	
provided	in	Supplementary	Figure	7d).	This	illustrates	that	either	HMF	is	not	formed	or	that	upon	its	225	
formation	 it	 is	 rapidly	 decomposed.	 The	 latter	 is	 unlikely	 as	 photoreforming	 HMF	 by	 the	226	
photocatalyst	 proceeded	at	 a	 relatively	 slow	 rate	of	 4.7	mmolH2 	gCdS
–1  h–1	 (Supplementary	 Table	2).	227	
Instead,	formate	was	identified	as	the	major	intermediate	(δ	 	=	171	ppm,	iii),	which	is	a	product	of	228	




acids	 and	 formate	oxidation	 then	produces	CO2,	which	was	 solubilised	 as	 carbonate	 (CO32−)	 at	 the	232	
employed	 pH	 (δ	 =	 169	 ppm,	 iv)	 (Fig.	 3c).	 These	 assignments	 were	 corroborated	 by	 reference	 to	233	
authentic	samples	and	1H-NMR	spectroscopy	(Supplementary	Figure	7).		234	




after	photocatalysis	via	 centrifugation	and	dissolved	 in	molten	ZnCl2	before	measuring	a	 spectrum	237	
(Supplementary	 Figure	 7e).40	 Both	 spectra	 showed	 the	 expected	 cellulose	 resonances,	 as	 well	 as	238	
numerous	 sp2	C-environments.	When	CdS/CdOx	 is	present	 there	are	a	number	of	extra	peaks	 that	239	
were	 assigned	 to	 the	 heterogeneous	 oxidation	 of	 the	 cellulose.	 This	 indicates	 that	 there	 is	 both	240	
homogeneous	and	heterogeneous	oxidation	of	the	cellulose	chains	during	photocatalysis,	however	241	
due	 to	 the	 mass-transport	 limitations	 of	 the	 heterogeneous	 reaction,	 oxidation	 of	 the	 dissolved	242	
cellulose	will	provide	the	major	contribution	to	the	H2	evolution	activity.	243	
Proton	 reduction	 is	 expected	 to	 occur	 on	 Cd	 chalcogenides	 through	 Cd0	 sites	 formed	 by	 electron	244	
accumulation	on	the	photocatalyst	surface,41	but	this	leads	to	slow	rates	of	H2	evolution.	Transition	245	
metal	co-catalysts	are	thus	added	to	accelerate	the	proton	reduction	activity,	but	showed	a	limited	246	
effect	 when	 oxidising	 cellulose.	 Addition	 of	 Ni(BF4)2	 lowered	 the	 H2	 generated	 and	 K2PtCl4	 halted	247	
activity	 completely	 over	 24	 hours	 of	 photocatalysis	 (Supplementary	 Table	 6).	 Addition	 of	 Co(BF4)2	248	
resulted	in	a	limited	increase	in	the	H2	produced	(12%),	but	only	after	several	days	of	photocatalysis	249	
(Supplementary	Figure	8).	XPS	analysis	of	Co(BF4)2	 in	10	M	KOH	showed	emissions	consistent	with	250	
Co(OH)2/Co(O)OH	 (Supplementary	 Figure	 9),42	which	 is	 believed	 to	 be	 the	 co-catalyst	 in	 this	 case.	251	





vs.	D2O/NaOD.	When	 the	 rate	of	 reaction	 is	dictated	by	breaking/making	a	H-containing	bond	 the	257	
activity	 drops	 substantially	 upon	 changing	 to	 deuterated	 substrates,	 due	 to	 the	 lower	 vibrational	258	
frequency	 of	 the	 D-containing	 bond.	 In	 the	 deuterated	 solvent,	 the	 rate	 of	 photocatalysis	 was	259	














at	 25	 mg	 mL−1	 was	 used	 to	 reflect	 the	 levels	 of	 hemicellulose	 present	 in	 lignocellulose.	 The	272	
heightened	 specific	 H2	 evolution	 is	 due	 to	 the	 higher	 solubility	 of	 hemicellulose,	 which	 presents	273	
more	accessible	oxidation	sites	for	the	particulate	CdS/CdOx	photocatalyst.	274	
Lignin	 is	 strongly	 light-absorbing	 and	 consequently	 its	 light-driven	 oxidation	 to	 form	H2	 has	 rarely	275	
been	 reported.44,45	UV-visible	 spectroscopy	of	 lignin	 shows	 a	 broad	 absorption	peaking	 at	 300	nm	276	
with	a	shoulder	at	350	nm	that	 tails	 into	visible	wavelengths	of	 light,	 the	 region	over	which	wide-277	
band	 gap	 semiconductors	 absorb	 most	 strongly.	 The	 smaller	 band	 gap	 of	 CdS/CdOx	 absorbs	278	
wavelengths	 above	 420	 nm,	where	 there	 is	 little	 competition	 for	 light	 between	 the	 photocatalyst	279	
and	 substrate	 (Supplementary	 Figure	 10),	 allowing	 photocatalysis	 to	 occur	 effectively.	 At	 lignin	280	
loadings	of	0.25	mg	mL–1,	CdS/CdOx	was	able	to	evolve	H2	at	a	rate	of	0.26	mmolH2  gcat.–1  h–1	(Fig.	4a).	281	
The	decomposition	of	 lignin	during	photocatalysis	was	 followed	by	UV-visible	 spectroscopy	over	5	282	
days	of	irradiation,	which	showed	a	decrease	in	the	peak	at	300	nm	and	growth	of	the	shoulder	at	283	
350	nm	(Supplementary	Figure	11a).	This	change	is	a	result	of	oxidation	of	phenols	within	lignin	to	284	






Figure	 4	 |	 The	 rate	 of	 H2	 generation	 through	 photoreforming	 lignocellulose	 on	 CdS/CdOx.	289	
Photocatalytic	production	of	H2	(AM	1.5G,	100	mW	cm−2)	over	24	hours	with	CdS/CdOx	QDs	(0.5	μM)	290	





Solar-driven	 H2	 evolution	 from	 unprocessed	 lignocellulose	 stands	 as	 a	 long-sought	 objective	 for	296	
progress	in	the	field	of	biomass	conversion.12	Fig.	4b	(Supplementary	Table	10)	summarises	the	rate	297	
of	 H2	 evolution	 from	 suspensions	 of	 raw	 biomass	 available	 in	 areas	 local	 to	 Cambridge,	 UK	 and	298	
lignocellulosic	waste	by	CdS/CdOx	with	Co(BF4)2	co-catalyst.	Each	source	was	added	to	the	reaction	299	
mixture	after	a	rough	cutting	procedure	to	obtain	pieces	<	0.25	cm	long	and	the	H2	produced	was	300	
measured	after	24	hours	of	solar	 irradiation.	Rates	of	over	5	mmolH2 	gcat.–1 	h–1	were	observed	using	301	
15	
	
wood	 from	a	 tree	branch,	whereas	 the	other	natural	 lignocellulose	sources	 (bagasse,	 sawdust	and	302	
grass)	exhibited	 lower	activity.	Waste	paper,	 cardboard	and	newspaper	were	also	 reformed	 to	H2,	303	
despite	the	highly	crystalline	cellulose	present	in	their	structure.	The	rate	at	which	H2	is	evolved	from	304	
each	substrate	competes	with	the	activity	of	purified	monosaccharide	reforming	systems	(typically	1	305	
to	 9	 mmolH2 	gcat.–1 	h–1)12	 and	 is	 two	 orders	 of	 magnitude	 higher	 than	 previous	 reports	 of	306	
photocatalytic	 lignocellulose	 reforming.20	 The	 high	 activity	 is	 assigned	 to	 the	 employed	 conditions	307	
that	 benefit	 both	 the	 photocatalyst	 and	 the	 substrate;	 the	 alkaline	 conditions	 provides	 an	 in	 situ	308	
pretreatment	of	 the	 lignocellulose,	dissolving	hemicellulose,	 lignin,	cellulose	and	other	saccharides	309	
into	solution47	and	also	facilitate	CdOx	deposition	on	the	CdS,	creating	a	photocatalyst	that	is	active	310	
and	 robust	 against	 corrosion.	 This	 provides	 a	 one-pot	 system	 that	 is	 responsive	 to	 highly	311	






radicals	 (·OH),	which	 subsequently	 oxidise	 the	 substrate.20	 This	 possibility	was	 explored	 using	 the	318	
·OH-scavenger	benzene-1,4-dicarboxylic	acid	(terephthalic	acid,	TPA).	TPA	reacts	with	·OH	to	form	2-319	
hydroxyterephthalic	acid	(TPA-OH),	which	can	be	characterised	by	its	fluorescence	at	430	nm	when	320	
excited	with	 315	 nm	 light.48	 CdS	QDs	 irradiated	 for	 18	 hours	 in	 the	 presence	 of	 TPA	 showed	 low	321	
levels	 of	 TPA-OH	 formation	 below	 pH	 14	 (Supplementary	 Figure	 12a),	 typically	 amounting	 to	 <	 2	322	
μmol	·OH	when	compared	to	a	TPA-OH	reference	(assuming	the	reaction	yield	of	·OH	and	TPA	to	be	323	
35%,48	 Supplementary	 Figure	 12b).	 Above	 pH	 14,	 when	 CdS/CdOx	 is	 formed,	 no	 TPA-OH	 was	324	







may	be	 similar	 to	 TiO2,	which	 forms	 Ti–O–R	bonds	 during	 photocatalysis,	 facilitating	 hole	 transfer	330	




lignocellulose	 chains	 bind	 to	 the	 CdS/CdOx	 surface,	 allowing	 the	 photocatalyst	 to	 undertake	 fast	335	
oxidation	of	alcohols	 to	aldehydes.	At	 this	point,	C–C	bond	cleavage	can	generate	 formate,	or	 the	336	
aldehyde	can	be	further	oxidised	to	a	carboxylic	acid,	which	is	decarboxylated	to	CO32–.		337	
This	 reaction	almost	 completely	occurs	 in	 the	homogeneous	phase	using	 solubilised	 lignocellulosic	338	
biomass,	 although	 a	 small	 amount	 of	 photoreforming	 on	 the	 surface	 of	 insoluble	 substrates	may	339	
occur	based	on	13C-NMR	evidence	(Supplementary	Figure	7e).	A	strong	interaction	between	the	CdOx	340	






visible	 light	 and	 CdS/CdOx	 quantum	dots.	 This	 photocatalyst	 undertakes	 biomass	 oxidation,	which	345	
provides	electrons	for	the	reduction	of	aqueous	protons	to	generate	H2.	High	rates	of	H2	evolution	346	
were	achieved,	without	CdS	photocorrosion	or	noble	metal	co-catalysts,	through	use	of	highly	basic	347	
conditions	 that	 synergistically	 enabled	 formation	 of	 robust	 CdS/CdOx	 and	 dissolution	 of	348	
lignocellulose.	The	oxidation	reaction	generates	CO2	that	is	sequestered	as	carbonate,	which	leads	to	349	
an	 overall	 negative	 CO2	 balance	 in	 the	 atmosphere	 when	 taking	 into	 account	 the	 CO2	 fixation	350	





Reagents.	α-cellulose,	 hemicellulose	 (xylan	 from	beechwood),	 lignin	 (alkali),	 CdO	 and	 CdSO4	were	356	
obtained	 from	 Sigma	 Aldrich	 and	 used	 without	 further	 purification.	 Semiconductor-grade	 KOH	357	
(Sigma	 Aldrich,	 99.99%)	 was	 used	 to	 ensure	 impurities	 were	 not	 present	 during	 photocatalysis.	358	
Cobalt(II)	 tetrafluoroborate	hydrate,	 96%	 (assumed	 to	be	Co(BF4)2·6H2O)	was	purchased	 from	Alfa	359	
Aesar.	NaOD	(40	%wt	 in	D2O,	99%	atom%	D)	and	D2	 (99.8%	atom	D)	were	purchased	 from	Sigma-360	
Aldrich.	13C	cellulose	was	purchased	from	IsoLife.	Wood	from	the	branch	of	a	London	plane	tree	was	361	
obtained	from	a	tree	on	Lensfield	Road,	Cambridge,	UK.	Sawdust	was	obtained	from	a	local	sawmill	362	





roughly	 into	pieces	<	0.25	cm	 long	before	use.	All	other	 reagents	were	obtained	 from	commercial	366	
sources	at	the	highest	available	purity.	367	
Equipment.	UV−Visible	 spectra	were	 recorded	on	a	Varian	Cary	50	UV−Vis	 spectrophotometer.	 1H	368	
and	 13C-NMR	 spectra	 were	 recorded	 on	 a	 Bruker	 400	 MHz	 Avance	 spectrometer	 at	 room	369	
temperature.	 Transmission	 electron	 microscopy	 (TEM)	 images	 were	 collected	 using	 a	 FEI	 Philips	370	
Tecnai	 20	 microscope	 with	 200	 kV	 accelerating	 voltage.	 XPS	 analysis	 was	 carried	 out	 at	 the	371	
Cambridge	 Microelectronics	 centre	 on	 a	 Thermo	 Scientific	 ESCALAB	 Xi+	 XPS	 Microprobe	 in	 an	372	
ultrahigh	 vacuum	 chamber.	 Freeze	 drying	 was	 carried	 out	 in	 a	 VirTis	 SP	 Scientific	 freeze	 dryer.	373	
Powder	 X-ray	 diffraction	 measurements	 were	 carried	 out	 on	 an	 X'Pert	 PRO	 diffractometer	374	
(PANalytical	BV).	Photoluminescence	measurements	were	carried	out	on	an	Edinburgh	Instruments	375	
FS5	spectrofluorometer	using	a	395	nm	long-pass	filter	to	remove	scattered	light	where	necessary.	376	
pH	 was	 measured	 on	 a	 Mettler	 Toledo	 pH	 meter	 and	 probe,	 with	 the	 exception	 of	 the	 pH	 of	377	
solutions	containing	[KOH]	>	1	M,	which	was	estimated	based	on	the	assumption	[OH–]	≈	[KOH].		378	
Synthesis	of	oleic	acid	capped	CdS	quantum	dots	 (CdS-OA).	CdS-OA	were	 synthesised	 following	a	379	
modified	literature	procedure.51	A	mixture	of	CdO	(0.64	g)	and	oleic	acid	(OA,	29	mL)	in	octadecene	380	
(89	mL)	were	heated	under	an	Ar	atmosphere	to	280	°C.	Separately,	a	solution	of	sulfur	(0.08	g)	 in	381	
octadecene	 (20	mL)	 was	 prepared.	 Half	 of	 the	 sulfur	 solution	was	 then	 added	 rapidly	 to	 the	 Cd-382	


















Photocatalytic	 generation	 of	 H2.	 Photocatalysis	 was	 carried	 out	 in	 a	 Pyrex	 glass	 photoreactor	399	
thermostated	at	25	°C.	Solar	irradiation	was	emulated	by	a	solar	light	simulator	(Newport	Oriel,	100	400	
mW	 cm–2)	 equipped	with	 an	 air	mass	 1.5	 global	 filter	 (AM	 1.5G)	 with	 a	 water	 filter	 (10	 cm	 path	401	
length)	 to	 remove	 IR	 radiation.	 In	a	 typical	experiment	 ligand-free	CdS	QDs	 in	DMF	 (1	nmol)	were	402	
transferred	to	a	photoreactor	and	the	DMF	was	removed	 in	vacuo	while	stirring.	Upon	removal	of	403	
the	 solvent,	 the	 substrate	 and	 2	mL	 of	 10	M	 KOH	were	 added.	 Co-catalyst	 solutions	 were	made	404	
through	dissolution	of	 the	metal	 salt	 in	10	M	KOH	and	were	added	 to	 the	 reaction	 solution	when	405	
required.	The	photoreactor	was	sealed	with	a	rubber	septum	and	purged	with	N2	(containing	2%	CH4	406	
for	gas	chromatographic	analysis,	 see	below)	 for	10	min,	after	which	the	vial	was	 irradiated	whilst	407	
stirring	at	600	rpm.	The	accumulation	of	H2	was	quantified	through	periodic	headspace	gas	analysis	408	
(50	μL)	by	gas	chromatography.		409	
Gas	 analysis.	 Gas	 chromatography	 (GC)	 was	 carried	 out	 on	 an	 Agilent	 7890A	 gas	 chromatograph	410	
with	 a	 thermal	 conductivity	 detector.	 H2/D2	 were	 analysed	 using	 a	 HP-5	 molecular	 sieve	 column	411	









spectrometer	with	 a	 Faraday	 detector.	 The	 sample	 inlet	was	 connected	 to	 the	 reactor	 headspace	419	
and	the	composition	of	gases	with	mass/charge	ratios	between	1	and	10	amu	was	analysed.	420	
Treatment	of	data.	All	analytical	measurements	were	performed	 in	 triplicate	and	are	given	as	 the	421	
unweighted	mean	±	standard	deviation	(σ).	σ	of	a	measured	value	was	calculated	using	equation	(1).	422	
𝜎 =  (!!! )!!!! 		 	 (1)	423	
Where	n	is	the	number	of	repeated	measurements,	𝑥	is	the	value	of	a	single	measurement	and	𝑥 	is	424	






𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (molH2 	gcat.–1 ) = !!!!/!!!!"#! !!!!"#!!" ! !!"!!"#.!!"!!"#.   		 (2)		429	
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (molH2 	gCdS–1 ) = !!!!/!!!!"#! !!!!"#!!" 		 	 	 (3)	430	
Where	nH2 	is	the	H2	produced	(mol),	rCdS	is	the	radius	of	the	QD	(cm),	ρCdS	is	the	density	of	CdS	(4.84	g	431	
cm−3),	Na	is	Avogadro’s	number	(mol−1),	nQD	is	the	number	of	moles	of	QD	(mol),	nco-cat.	is	the	number	432	
of	 moles	 of	 added	 co-catalyst	 and	 mco-cat.	 is	 the	mass	 of	 co-catalyst	 (taken	 as	 232.54	 g	mol–1	 for	433	
21	
	
Co(BF4)2).	 These	 values	 were	 divided	 by	 the	 irradiation	 time	 to	 calculate	434	
molH2 	gcat.–1 	h–1	and	molH2  gCdS	–1 h–1.	435	
External	 quantum	 yield	 (EQY)	 determination.	 1	 nmol	 of	 CdS-BF4	 in	 DMF	 was	 added	 to	 a	 quartz	436	
cuvette	(1	cm	path	length)	and	evacuated	to	dryness	while	stirring.	100	mg	of	cellulose	and	2	mL	of	437	
10	M	KOH	were	added	and	the	cuvette	was	sealed	with	a	rubber	septum.	The	solution	was	purged	438	
with	N2	 containing	2%	CH4	 for	 10	min	 in	 the	dark.	 Each	 sample	was	 irradiated	by	 a	 Xe	 lamp	 (LOT	439	
LSH302)	equipped	with	a	monochromator	(LOT	MSH300)	that	was	used	to	focus	a	single	wavelength	440	
of	430	nm	(accurate	 to	a	 full	width	at	half	maximum	of	5	nm).	The	 light	 intensity	was	adjusted	 to	441	
between	700-800	mW	cm−2,	which	was	measured	using	a	power	meter	(ILT	1400,	International	Light	442	
Technologies).	 The	 cuvette	was	 irradiated	 across	 an	 area	of	 0.28	 cm2.	 The	evolved	headspace	 gas	443	
was	analysed	by	gas	chromatography	and	the	EQY	(%)	was	calculated	according	to	equation	(4).	444	
	 EQY = 100× 2×𝑛H!×𝑁!×ℎ×𝑐𝑡!""×𝜆×𝐼×𝐴 	 (4)	
	445	
Where	 nH2	 is	 the	 amount	 of	 H2	 generated	 (mol),	NA	 is	 Avogadro’s	 constant	 (mol–1),	 h	 is	 Planck’s	446	
constant	(J	s),	c	is	the	speed	of	light	(m	s–1),	tirr	is	the	irradiation	time	(s),	λ	is	the	wavelength	(m),	I	is	447	
the	light	intensity	(W	m–2)	and	A	is	the	irradiated	area	of	exposed	to	the	light	beam	(m2).	448	
Raman	 analysis.	 Raman	 spectra	 were	 recorded	 using	 a	 confocal	 Raman	 spectrometer	 LabRam	449	
(Horiba	 Jobin	Yvon)	equipped	with	a	 liquid	nitrogen	cooled	Symphony	CCD	detector	 (Horiba	 Jobin	450	
Yvon).	 A	 514.73	 nm	 line	 of	 an	 Ar	 ion	 laser	 (Coherent	 Innova	 300c)	 was	 used	 as	 excitation	451	
wavelength.	10	µM	CdS-BF4	QDs	in	water,	100	mM	KOH	and	10	M	KOH	were	measured	in	a	rotating	452	
quartz	cuvette.	Accumulation	time	of	the	Raman	spectra	was	60	seconds.	The	laser	power	was	set	to	453	








For	 this,	 the	 spectra	were	 first	 cut	 in	 the	 region	 from	225	 cm–1	 to	 475	 cm–1.	 Then,	 the	 spectra	 of	460	
ligand-free	CdS	in	water	were	fitted.	As	the	LO	band	dominates	the	spectra,	this	band	was	fitted	first	461	







increase	 of	 intensity	 towards	 the	 Rayleigh	 line,	 which	 made	 it	 difficult	 to	 properly	 estimate	 the	469	
baseline.	As	a	result,	the	band	width	can	be	slightly	inhomogeneous,	which	then	requires	inclusion	of	470	
smaller	bands	around	the	middle	frequency	to	achieve	a	match	with	convergence	criteria	of	the	fit.	471	
Importantly,	 the	 intensities	of	 these	bands	are	 typically	 very	 low	compared	 to	 the	actual	band.	 In	472	
this	case,	the	integral	intensities	are	smaller	than	5	%	and	can	therefore	be	neglected.														473	
The	 spectra	of	 ligand-free	CdS	 in	10	M	KOH	were	evaluated	next	using	 the	bands	already	derived	474	
from	 the	water	 spectra.	 To	 reconstruct	 the	 spectra	 properly	more	 bands	 needed	 to	 be	 included,	475	
particularly	 on	 the	 low	 frequency	 side	 of	 the	 LO	 band.	 To	 account	 for	 the	 additional	 spectral	476	
contribution,	 the	 local	 intensity	maxima	were	 searched	 for	 and,	 at	 each	 frequency	maximum,	 an	477	
additional	Lorentz	band	was	included	with	a	pre-defined	width	of	20	cm–1.	Subsequently,	the	widths	478	












X-ray	 photoelectron	 spectroscopy.	 10	 nmol	 of	 CdS-BF4	 in	 DMF	 was	 injected	 into	 a	 vial	 and	 the	489	
solvent	was	removed	while	stirring.	2	mL	of	aqueous	solution	containing	various	[KOH]	was	added	490	
and	 the	 solution	 was	 stirred	 for	 5	 min.	 The	 particles	 were	 isolated	 from	 solution	 through	491	
centrifugation	 (10,000	 rpm,	 10	 min),	 the	 supernatant	 was	 removed	 carefully	 and	 the	 resultant	492	





freeze	dried,	producing	a	 fine	white	powder.	A	photoreactor	was	 charged	with	CdS-BF4	 in	DMF	 (1	498	
nmol)	and	dried.	13C-cellulose	(10	mg)	and	10	M	NaOD	in	D2O	(1	mL)	were	added	and	the	solution	499	
was	 purged	 with	 N2	 (cont.	 2%	 CH4)	 and	 then	 irradiated	 for	 3	 days.	 Subsequently,	 the	 reaction	500	
mixture	was	filtered	through	a	hydrophilic	syringe	filter	and	a	 13C-NMR	spectrum	was	taken	of	the	501	
resultant	solution.		502	
To	attain	a	 spectrum	of	 the	 insoluble	 cellulose,	 a	photoreactor	was	 charged	with	 13C-cellulose	 (10	503	
mg)	 and	 10	M	NaOD	 in	D2O	 (1.0	mL)	 either	with	 or	without	 CdS-BF4	QDs	 (1	 nmol).	 The	 resultant	504	
24	
	
solution	was	 purged	with	 N2	 and	 irradiated,	 as	 described	 above,	 for	 12	 hours.	 Subsequently,	 the	505	
reaction	mixture	was	centrifuged	(15	min,	12,000	rpm)	and	the	solid	residue	was	washed	with	water	506	
and	 freeze-dried	 to	 give	 a	 pale	 yellow	 powder.	 The	 yellow	 powder	 was	 added	 to	 an	 NMR	 tube	507	
containing	 ZnCl2	 (1.00	 g),	 LiCl	 (200	 mg)	 and	 D2O	 (360	 µL).40	 The	 mixture	 was	 degassed	 by	 three	508	






Transmission	 electron	microscopy.	CdS/CdOx	 particles	were	 prepared	 for	 TEM	 by	 adding	 CdS-BF4	515	
(1.5	nmol)	to	a	vial	and	drying	 in	vacuo	while	stirring.	Aqueous	KOH	(0.2	mL,	10	M)	was	added	and	516	
the	resultant	solution	was	sonicated	for	5	min.	The	suspension	was	centrifuged	at	10,000	rpm	for	5	517	
minutes	 and	 the	 supernatant	 was	 removed.	 The	 particles	 were	 re-suspended	 in	 diethyl	 ether	518	
(around	1	mL)	and	10	μL	of	the	suspension	was	loaded	onto	a	Cu	TEM	(TAAB)	grid	and	dried.	519	
Fluorescence	 quantum	 yield	 determination.	 The	 absolute	 fluorescence	 quantum	 yield	 was	520	
determined	 using	 an	 Edinburgh	 Instruments	 Integrating	 Sphere	 Module	 (SC-30)	 on	 an	 Edinburgh	521	
Instruments	FS5	spectrofluorometer	according	to	equation	(5)	and	previous	reports.53	522	
𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑞𝑢𝑎𝑛𝑡𝑢𝑚 𝑦𝑖𝑒𝑙𝑑 (%) =  !!!"!#$ !"#$$!% !" !"#$%&!!!"!#$ !"#$%"&' !" !"#$%&  ×100		 (5)	523	
To	prepare	the	sample,	CdS-BF4	(4	nmol)	was	added	to	a	vial	and	dried	 in	vacuo	while	stirring.	The	524	
QDs	were	then	resuspended	in	10	M	KOH	(3	mL)	and	stirred	for	5	minutes.	2.5	mL	of	the	CdS/CdOx	525	
QD	 solution	was	 added	 to	 a	 quartz	 cuvette	 (1	 cm	path	 length)	 to	make	 the	 sample	 and	 a	 2.5	mL	526	






between	 440-550	 nm	 and	 the	 reference.	 Fluorescence	 spectra	 analysis	 software	 (Fluoracle,	531	
Quantum	Yield	Wizard,	Edinburgh	Instruments)	then	gave	a	value	for	the	quantum	yield.		532	
	533	
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